% Wnords | — < o0 & i | o
U i | e | "t SEZR
ZEE B - i 77
v i ) >

7 AN o \\ -

= //Q\///' m

LT EEE RS LN

o o o o o o o o o o o o T T

‘‘‘‘‘‘ RN W‘\ NNV aaes,
IS \\ gy ooy

"’I///\\

/

\

M
W [
\ N

R\ \\ // i uitt] Neffy < e
\\\\\ \\"\ W 2. k. Q
bt N ' 0 17 (S
| LQI\‘ "".i/h

__J_J__J

o

\
A

A




WOODHEAD PUBLISHING SERIES IN CIVIL AND STRUCTURAL ENGINEERING
UNIVERSITY

I

RETHINKING

BUILDING SKINS

TRANSFORMATIVE TECHNOLOGIES
AND RESEARCH TRAJECTORIES

EUGENIA GASPARRI, ARIANNA BRAMBILLA,
GABRIELE LOBACCARO, FRANCESCO GOIA
ELseviER ANNALISA ANDALORO, ALBERTO SANGIORGIO

Circular economy in facades 2 1

Mikkel K. Kragh' and Nebojsa Jakica’

'"Department of Civil and Architectural Engineering, Aarhus University, Aarhus, Denmark,
2Department of Technology and Innovation, University of Southern Denmark (SDU),
Odense, Denmark

Abbreviations

3R reduce, reuse, recycle

Al artificial intelligence

BAMB  buildings as material banks
BIM building information modelling
BIPV building-integrated photovoltaics
BM business model

C&D construction and demolition
C2C Cradle-to-cradle

CE circular economy

CEBMs circular economy business models
CLC closed-loop cycles

DfD design for disassembly

GDP global domestic product

IEQ indoor environmental quality

IGU insulating glazing units

LCA life cycle assessment

MEP mechanical, electrical and plumbing

RFID radio-frequency identification
UMAR  urban mining and recycling
XR extended reality

21.1 Introduction

Increased human activity and rapidly rising global population put enormous pres-
sure on energy supply, which results in increasing consumption of fossil fuels and
urgency to transition to renewable sources. However, carbon emissions are just
part of the challenges we face in an era of climate change and the biodiversity cri-
sis. Within the broader sustainable development agenda, there are many actions
and approaches that have the potential to create a perfect storm for a rethink of
design and construction processes. The global challenges require new mindsets

Rethinking Building Skins. DOI: https:/doi.org/10.1016/BY78-0-12-822477-9.00016-4
© 2022 Elsevier Inc. All rights reserved.
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TOWARDS THE
CIRCULAR ECONOMY

TOWARDS THE
CIRCULAR ECONOMY

TOWARDS THE
CIRCULAR ECONOMY

Economic and business rationale
for an accelerated transition

Opportunities for the
consumer goods sector

Accelerating the scale-up
across global supply chains

alialn Kingfysher PHILIPS
cisco

BT@ | m nationalgrid s

i

CIRCULAR ECONOMY GLOBAL CIRCULAR VISION

Publications

image credits: Ellen Macarthur Foundation
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Circular Economy ‘
Action Plan : %?”‘flﬁ?fio:?w AN

REEN DEAL

DELIVERING
ON OUR TARGETS

For a cleaner and
more competitive
Europe

#EUGfeenDeal

CIRCULAR ECONOMY

<
f«'* 7A1

economic and cultural

SDU&

* W < '¢
A New
European -
Bauhaus N

| 4

Design, Bringing the European Green Deal
sustainability, to life and developing an aesthetic
investment for the green transformation

EU CIRCULAR VISION
Publications
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POTENTIAL FOR DENMARK AS A CIRCULAR ECONOMY
A CASE STUDY FROM: DELIVERING THE CIRCULAR
ECONOMY - A TOOLKIT FOR POLICY MAKERS

CIRCULAR ECONOMY

Recommendations for the Danish Government

RETHINK

' ECONOLI

Denmark as a circular economy solution hub

INSIDE THIS WHITE PAPER

New circular economy business models

Topromote more sustainable
production and consumption

-
, Looping resources
, Inacirculareconomy,

- ’

3 e ¥ o —
’ i
5 v

State of Green

SDU<

DENMARK’S CIRCULAR VISION

Publications
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PARTS MANUFACTURER

BIOCHEMICAL ¢ ‘

FEEDSTOCK

AING/COLLECTION'

PRODUCT MANUFACTURER

vl

SERVICE PROVIDER

I REMANUFACTURE

REUSE/REDISTRIBUTE

CASCADES @ MAINTAIN/PROLQ

REGENERATION BIOSPHERE RECYCLE

BIOGAS

ANAEROBIC
DIGESTION

COLLECTION COLLECTION

EXTRACTION OF

BIOCHEMICAL

FEEDSTOCK?
1 Hunting and fishing
2 Can take both post-harvest and post-consumer waste as an input
SOURCE v v
Ellen MacArthur Foundation o ]
Circular economy systems diagram (February 2019) MINIMISE SYSTEMATIC
www.ellenmacarthurfoundation.org LEAKAGE AND NEGATIVE Ebll-jENNDx'ﬁg%lRTHUR
Drawing based on Braungart & McDonough, EXTERNALITIES
Cradle to Cradle (C2C) H :

CIRCULAR ECONOMY THE BUTTERFLY DIAGRAM

Ellen Macarthur Foundation
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PLANNING

DESIGNING

MAKING

ACCESSING

OPERATING
AND
MAINTAINING

EXAMPLES OF CIRCULAR ECONOMY OPPORTUNITY

1. Planning compact cities - dense, mixed-use, and transit-oriented

2. Planning for local circular material flows

1. Designing for adaptable and flexible use
2. Using collaborative design processes
3. Integrating material choices into design

4. Taking inspiration from nature

1. Sourcing materials strategically
2. Building with resource-efficient construction techniques

3. Building ‘buildings as material banks’ (BAMB)

1. Accessing residential space through shared-use schemes
2. Accessing commercial space through shared-use schemes

3. Increasing the use of space through design features

1. Using smart technology to run buildings effectively
2. Using product-as-a-service models for building fit-outs
3. Adapting buildings for alternative uses

4. Refurbishing buildings to run them efficiently

CIRCULAR ECONOMY

EXAMPLES OF BENEFITS

Strengthening local communities Mixed-use neighbourhoods
that encourage walking are most likely to be associated with
positive social encounters and a strong sense of community.
Surveys show that people in high-density, walkable
communities are more likely to trust or socialise with their
neighbours, volunteer or vote*

Reducing air pollution Green fagades can lead to a reduction
in concentrations of particulate matter by 10-20% in the
immediate surroundings.”®

Lowering unemployment Integration of circular economy
principles in the construction supply chain of 70,000

new homes in Amsterdam before 2040 can generate
700 additional jobs. The approximately 1% gain would

be a significant contribution, resulting in a 10% drop in
unemployment in the construction sector.®

Increasing utilisation In London, peer-to-peer renting, better
urban planning, office sharing, repurposed buildings, and
multi-purposed buildings increases the value of new buildings
and can double utilisation of 20% of London’s buildings by
2036, saving over GBP 600 million annually.”

Reducing energy consumption through refurbishment
Through simple refurbishment solutions, it is possible to
reduce energy consumption by 20-30% in existing buildings.”®
Deep refurbishment can cut building-related energy
consumption in Europe up to 80%, saving the EU over 30% of
its total energy use (equivalent of 4 billion barrels annually).”®

@ SDU4&

COMMUNITY
AND SOCIAL
PROSPERITY

HEALTH AND
ENVIRONMENT

W

JOBS,
SKILLS, AND
INNOVATION

V4

ECONOMIC
PRODUCTIVITY

o

5

RESOURCE USE

OPPORTUNITIES AND BENEFITS
Ellen MacArthur Foundation And Arup

image credits: EMF and ARUP
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UNIVERSITY on a 42.000 m? representative case
study office building with a new built

value of DKK 860 million.

A positive business case

Redesigning the case study bullding
and Implementing circular economy
principles, turns the current demolition
costs of the bullding Into a positive
business case.

Go from todays DKK 16.000.000
In demolition costs.

To a future with DKK 35.000.000
in business upside.

Resale earnings

The resale value of the case study compared
to turn key cost. Due to ressource scarcity,
earnings will increase over ime.

Earn 4% of the new bulid value
on the superstructure and envelope,
In todays material prices.

Earn 8% of the new bulld value
on the entire building.
In todays material prices.

Earn 16% of the new build value
on the entire bullding, In +350 years
In projected material prices.

Design for
Disassembly

Circular
Economy

Prerequisites for reuse

To prepare buidings for a circular
future todays bullding practice
has to Integrate the following.

Material passport
establish functionality
Information at component level.

Circular Economy
Implement business models
that supports a circular transition.

Design for disassembly
make all joints visible, mechanical,
disolvable, similar and common.

Immediate and short term gains

Impiementing circular principles
creates immediate gainsand a
flexible buiiding from day one.

Improved flexibility
by easler adaptation of
bulldings and functions.

Faster construction
by shortening drying times and
optimizing workflow.

Optimized maintanance
by simple connection logic and detailed
information at component level.

BUILDING A CIRCULAR FUTURE
GXN

image credits: GXN

CIRCULAR ECONOMY
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Francis Kéré

image credits: Siméon Duchoud
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AARHUS Glass production cycle

UNIVERSITY
Commercial Demolition Waste
contractor contractor broker

GLASS

OIS Welme)
) REPROCESSOR

Fabricator )
plant
o D
Domestic Van
contractor collection END OF LIFE
(Aggregate, paint

<  ____» () g
)

additive etc)

l

@ Flat glass production

@), Automotive
plant

%

.

2) Q
. Fibre glass production (N LANDFILL
RAW MATERIAL SR mar JrEdima
EXTRACTION acility

Container glass ()

production Bottle banks

e L ¢

Filling plant Kerb side Mixed recycling
facility ® Return circular flows

I at glass production process
I e glass production process
I Container glass production process
I - of life

3R: REDUCE, REUSE, RECYCLE GLASS PRODUCTION CYCLE

Eckersley O'Callaghan And Cambridge University

image credits: Eckersley O'Callaghan And Cambridge University
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3R: REDUCE, REUSE, RECYCLE DIGITAL CITY

CHSarquitectos

image credits: Cortesia de CHSarquitectos
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%%  CULLET FOR
N ‘ﬂ REPROCESSING

Regional Cullet Loop

Local Installer
Recovery Loop

_ Glazing installer
- waste

3R: REDUCE, REUSE, RECYCLE

Back hauled
cullet

SDU&

FLAT GLASS

MANUFACTURER s ',
Q ‘

| >
'S Lo
o

g, -
 a
WASTE GLASS
SEGREGATION PROCESSOR

A
@ &y f Glazing installer

collection i
N PP°
)

RESIDENTIAL
GLAZING
iy

GLASS RECOVERY LOOP
Eckersley O'Callaghan And Cambridge University

image credits: Eckersley O'Callaghan And Cambridge University
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DESIGN FOR DISASSEMBLY AND NEST EMPA IN DUBENDORF, SWITZERLAND

the UMAR (Urban Mining & Recycling)

image credits: Wojciech Zawarski

MAINTENANCE
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NEST EMPA IN DUBENDORF, SWITZERLAND
DESIGN FOR DISASSEMBLY the UMAR (Urban Mining & Recycling)

image credits: UMAR
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Nest We Grow

Kengo Kuma & Associates + UC Berkeley

DESIGN FOR DISASSEMBLY

image credits: Shinkenchiku Sha
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DESIGN FOR DISASSEMBLY
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Component Part Image Material Reason Assembly Reuse Recycle
: Cushion (attached 3 : EPDM spacer cushion : Weather : Bonded ¢ No, : No
: to cap) 3 ! resistance ¢ not :
3 3 : easily
¢ de-

bonded

Rod connection
assembly

Stainless steel : Corrosion : Sliding fit 1 Yes : Yes

¢ Screwed block - lower :
: . resistance :

Stainless steel : Corrosion : Slidingfit : Yes } Yes

¢ Screwed block - upper :
32 . resistance

: Stainless steel Corrosion Sliding fit Yes gYes

¢ Rotation pin
: i resistance :

Acetal Low Trapped Yes éYes
: ¢ friction & % : :

¢ isolation

i from

aluminium

Washer

Glass : Lower pane : - i Laminated : Operator : Trapped : Yes : No
: i safety .

Upper panes - Tempered Cost Trapped Yes éYes

AUTOPSY — FACADE TEARDOWN AT FRENER & REIFER
Frener Reifer and Arup

image credits: Frener Reifer and Arup
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BUILDINGS AS MATERIAL BANKS
: o
MATERIAL PASSPORTS, BAMB2020 PROJECT

BAMB 2020, GTB Lab Module

image credits: GTB Lab consortium

MATERIAL BANKS
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THE MOST VALUABLE MATCH ¢

1. Resources Passport 2. Tracking and Tracing

With tracking and tracing identifiers like
barcodes, QR codes and chips, we
effectively match physical materials to
their digital twin the Resources
Passport. This makes it possible to
follow them throughout their life cycles.

The Resources Passport is a
standardised and modular format to
provide any material with an identity.

This (digital) passport gives an insight
into e.g. the composition, the origin, the
toxicity or deconstructability of the
material or product.

MATERIAL PASSPORTS,
MATERIAL BANKS

SDU<

3. Valuation

4, Matchmaking

We quantify the financial, environmental
and societal impact of materials,
products and waste streams, enabling
data-driven decision making between
several next use options.

We match the material, product or
waste stream to a new high-value reuse
option across industries, using a
combination of Artificial Intelligence
and human expertise.

RESOURCE PASSPORT
EME

image credits: EME
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MATERIAL PASSPORTS, WASTELAND - FROM WASTE TO ARCHITECTURE

Lendager Group’s Exhibition At Dac 2017
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MATERIAL BANKS
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1.Circular supply chain 2.Recovery and Recycling 3.Product Life Extension
Design Design

4.Sharing Platform 5.Product as a Service

BUILDING A CIRCULAR FUTURE

CIRCULAR BUSINESS MODELS GXN

image credits: GXN
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UNIVERSITY £ LIFETIME EXTENSION
CIRCULAR BUSINESS MODELS IN THE CURRENT VALUE CHAIN Meruie B o products.component
i service life of products, components
and systems through engineering # ) PRODUCT AS A SERVICE
& ) TRACKING FACILITY easy Y
and y, repair, This CBM aims at delivering
This model aims to provide services .. andjor upgrade. performance rather than products
s N to facilitate the tracking of materials, : and the ownership of the productis
) CIRCULAR DESIGN ‘.\@ CIRCULAR USE ) CIRCULAR RECOVERY components and parts of a system so H jresnmeesesnnsesssnasessnnseae retained by the service provider. The
- ~— that they can be marketed and traded H 2 H primary revenue stream comes from
in secondary raw materials markets. &) SELLAND BUY-BACK . payment for performance delivered.
is di i i In this case, a product is sold on the H This applies most obviously to
This diagram demonstrates that there are multiple circular basis hat 1wl be Parchased batk E mechanical plant, lighting, and fit

out, but can potentially be extended

: to all parts of a building and
infrastructure.

g ) SHARING PLATFORMS

business models (CBMs) which can be grouped into three
categories: design, use and recovery - these relate to the stage of
the building lifecycle when they will be engaged.

&1,) SUPPORT LIFECYCLE after apesiod of tima.
Consumables, spare parts and add- ;
ons to support the lifecycle of long-
lasting products.

] This business model generates an
increased utilisation rate of products
orsy by enabling or offering
shared use, access or ownership. At
the same time it enhances off-site
design and the use of collaborative
production facilities.

(# ) PRODUCT AND PROCESS DESIGN

These business models aim at providing planning and design for

components, systems and ultimately the full asset in order to

improve its service life. This includes specific solutions to improve

how the asset is d, repaired, upgraded and refurbished
...+« orremanufactured.

: A strategic plan of process through the value chain is required
: for this model to the reuse and
recyclability of products, by-products and waste streams.

: — —
PROCURE | SELLAND
-
oo | — [ o, | | o e
— —

()

_ — iy
| | ]
N Ll |m " [
Iy <«
L L ] [ ]

[ — -
i Logismies ,) RECOVERY PROVIDER

RECYCLED MATERIAL H

CIRCULAR SUPPLIES | ***;

HR BECOMES RESOURCE | *""*=""ereerrosrressey H : Provides take-back systems and
i : : T """ collection services to recover useful
£ ) CIRCULAR SUPPLIES &%,) RECYCLING FACILITY : resources from disposed products or
= %) RECAPTURE MATERIAL SUPPLIERS 21.) REFURBISH AND MAINTAIN by-products.
These business models focus on the . . This model focuses on transforming waste into
development of new materials to enh P and parts of a system raw materials. Additionally, revenue can be Used parts and components are
renewable energy, bio-based, less resource- are sold to be used instead of virgin or recyded materials. created th hp workinr I refurbished and maintained so that
intensive or fully recyclable materials. For example cement replacement in concrete. technologies. they can be sold.

CIRCULAR BUSINESS MODELS CURRENT VALUE CHAIN

Ellen Macarthur Foundation, Arup, bam, CE100

image credits: EMF, Arup, ba, CE100
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Original Equipment

/ / Spara parts
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2
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Re.er“ Iog|~ ics

—
Clrcular provider /‘L)
: ; a

material Raw material *

upplier processor — - Extended
14 maintenance
Condition-monitoring (service workshops)
platform provider
Recycler : \ ﬂ

= Linear/ transitioning businesses IT-Sharing platform >

= Circular businesses provider

a< ‘b\ Regulatory bodies

|

lechnology providers

Enabling businesses

CIRCULAR BUSINESS MODELS NORDIC ECOSYSTEMS

Nordic Innovation

image credits: Nordic Innovation
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CIRCULAR DESIGN PROCESSES A TR endager Group's Exhibitin At Dac 2017
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UNIVERSITY Top 5 Publicly Traded Companies (by Market Cap)
2006 ExonMobil @ Q | B8 microsoft | CItI
k,/ ToraL T i . : A 1"‘“.
$446B $383B $3278 $293B $273B
[T L
2011 Ex¢onMobil | o O 6 Jee ¥
i S | Petrochina Shell ICBC s ’ ! H l :
$406B $376B $2778 $2378 $228B : .
g G e R D F—— : ! g !
’ 2016 i Go gle i 8% Microsoft | amazon n g8 : S
Tgse2 T gsse $4528 $36aB $3598 :3 ﬁ‘ 71 = :
SEp—— jaisil B i ‘
— : ' . - ..
—.— T . . |
- " - g~ m " 4 ! hds
—nl Ir 4 ‘«"‘Hr‘.nzl . : - 7 ‘ .
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CIRCULAR CONSTRUCTION 4.0 BIG DATA

The Economist

image credits: The Economist
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/Customer Service ——__
' Order Details

“*

- Details Insulating Glazing Unit
Central Database (IGU) with RFID tag
Interface \ - RFID number and
User-friendly order tracking ‘ ' IGU related data [ f£°
and reorder possibility
m I N
®
= RN T
T "e%% @0 ¢
Construction/Maintenance Logistics

Easy IGU identification Load control via app

CIRCULAR CONSTRUCTION 4.0
RFID

SDU&

CALUMENLIVE
Saint Gobain

image credits: Saint Gobain
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DIGITAL TWINS

Dashboard

| Sensors | Navigation

Dev1ceTempera Dev1ceTempera... Thermostat DewceTempera...
he.. he. ech.

26.92- 26.70-c 2587c 54.65:
SAY | MY | A | AANY

AlrQuallty Thermostat Temperature Humidity
err. na. rid-M.. B110-1.0G-150-Hybrid-

369 790pm 25 50 o 24.00:c 48 .44,
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PROJECT DASHER
Empa and Autodesk

image credits: Autodesk Research
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To create and run a sustainable
regenerative organisation that
makes a positive difference

We aim to create an organisation that not only
advocates for but also actively embodies
regenerative principles. The centre, in other words,
should have a positive impact on nature,
environment, and society, including a focus on CO,
footprint, climate, biodiversity, ethics, and human
well-being.

REGENERATIVE BUILDING
OBJECTIVES

To promote interdisciplinary
collaboration that can advance
the built environment in a
regenerative direction

We want to develop the best possible framework
for collaboration between research, education,
and the private sector. The goal is to create
systemic change through new forms of
collaboration and knowledge networks driven by
personal commitment and high expertise.

To support the regenerative
paradigm shift through a
holistic approach to knowledge
and research

We will assist the industry in the deep transition to
regenerative building by employing an open
approach to research, evidence, and learning.
Sciences as diverse as agroecology, anthropology,
biclogy, chemistry, sociology, and economics
should be invited to participate and contribute.



040506

To incorporate evidence-based
knowledge about people and
nature into the future's ethical
aesthetics

We will initiate an evidence-based dialogue on the
interaction between nature, people, and built
environment, and how the relationship between
these three elements will impact everything from
financing and urban planning to architecture and
the execution of future construction projects.

REGENERATIVE BUILDING
OBJECTIVES

To promote learning and
knowledge through experiments
and practical application

We want to build a culture where theory and
dialogue are always followed by implementation.
We believe that learning occurs when ideas and
visions meet reality, and therefore, pilot projects,
prototypes, and practical testing will play a
significant role in our work.

To contribute to defining
regenerative building in a
Danish context

We want to ensure that all relevant stakeholders in
Denmark understand the rationale behind a
regenerative built environment. We will achieve
this through our projects and knowledge-sharing,
as well as by being consistently visible in the public
debate about the role of construction in the
future.
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To function as an international
hub for knowledge

We will collaborate closely with leading
international research and knowledge centres in
regenerative thinking. Only by assembling and
sharing knowledge internationally can we ensure
that we learn from the best and become the best
at sharing knowledge ourselves.

REGENERATIVE BUILDING
OBJECTIVES

To promote the financing of
basic and applied research

We will work to secure long-term and sustainable
financing for both basic research and research-
based demonstration projects within regenerative
building. We will seek funding from both
established and new sources, Danish as well as
international, private as well as public.

To be a credible and
independent conversation
partner

We aim to be an internationally recognized
knowledge centre for anyone seeking guidance
and advice within regenerative building, whether
they are legislators, researchers, engineers, or
architects. We will work independently and build
credibility through our research and
communication.
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Regenerative Building Design 2.

Regenerative
Nature-based,
systemic design
Holistic thinking
Focus on patterns

Conventional | Sustainable Reparing

Comply with safety n \ Reduci 0, Preserve and reslore nalure

requirements znvironmentiaily iriena emissions

Degenerative

Mechanical design

Break Even
(“Do no harm?)

—)  POsitive pursuits

REGENERATIVE BUILDING
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Seren Jensens preliminary 12 indicators
for regenerative building design

7

Climate
Break-even:
Positive pursuits:

Pollution
Break-even:

N9ITS3a 9NIAQITING FATLYIINITISIA

Positive pursuits:

Raw materials
Break-even:
Positive pursuits:

Planetary limit at 0,4 kgCO2e/m2/yr
Less than 0 kgCO2e/m2/yr

Products containing chemicals with a negative planetary
impact are not used

Unwanted chemical substances are substituted or
recycled/reused

Morfological

No excess consumption of raw materials
No virgin raw materials and no waste

Planetary

Energy
Break-even:
Positive pursuits:

Water
Break-even:
Positive pursuits:

Biodiversity
Break-even:
Positive pursuits

\.

health

Net energy self-sufficient
Net energy exporting

Produces own clean drinking water
Cleaning of contaminated water

d1j0gDIdW

Neutral biodiversity and land system change
Positive biodiversity and land system change

Habitat
Break-even:
Positive pursuits:

Human stay inside is like outside

Connecting flora, fauna and people and land system
change

Indoor environment

Break-even:
Positive pursuits:

Movement
Break-even:
Positive pursuits:

Human
health

Agency
Break-even:
Positive pursuits

Commoning
Break-even:
Positive pursuits:

Connectedness
Break-even:
Positive pursuits:

Prevents physical and mental ill health

Contributes to physical and mental health

Accessibility for all

Encourage to movement and manual actions

Everyone has a fair influence on physical settings
Everyone exerts influence for the fair operation of the
building

Commoning with neighborhood and nature
Fair sharing of non-personal resources

Everyone is recognized for voluntary efforts
Everyone jointly maintains the building

REGENERATIVE BUILDING

)

Seren Jensen
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